UNCLASSIFIED 


Defense  Technical  Information  Center 
Compilation  Part  Notice 

ADP012893 

TITLE:  Acousto-Electric  Transport  Through  a Two-Dimensional  System  in 
the  Nonlinear  Regime 

DISTRIBUTION:  Approved  for  public  release,  distribution  unlimited 
Availability:  Hard  copy  only. 


This  paper  is  part  of  the  following  report: 

TITLE:  Nanostructures:  Physics  and  Technology.  7th  International 
Symposium.  St.  Petersburg,  Russia,  June  14-18,  1999  Proceedings 

To  order  the  complete  compilation  report,  use:  ADA407055 

The  component  part  is  provided  here  to  allow  users  access  to  individually  authored  sections 
of  proceedings,  annals,  symposia,  etc.  However,  the  component  should  be  considered  within 
the  context  of  the  overall  compilation  report  and  not  as  a stand-alone  technical  report. 

The  following  component  part  numbers  comprise  the  compilation  report: 

ADP012853  thru  ADPO 13001 


UNCLASSIFIED 


7th  Int.  Symp.  “Nanostructures:  Physics  and  Technology’ 
St  Petersburg,  Russia,  June  14-18,  1999 
© 1999  Ioffe  Institute 


2DEG.0H 


Acousto-electric  transport  through  a two-dimensional  system  in  the 
nonlinear  regime 


A.  O.  Govorov t,  M.  Rotter:!:,  M.  Streibl:!:,  C.  Rocket,  A.  V.  Kalameitsevt, 
A.  Wixfori  and  J.  P.  KotthausJ 

t Institute  of  Semiconductor  Physics,  Russian  Academy  of  Sciences,  Siberian  Branch, 
630090  Novosibirsk,  Russia 

$ Sektion  Physik  der  Ludwig-Maximilians-Universitat  and  Center  for  Nano-Science, 
Geschwister-Scholl-Platz  1 , 80539  Munchen,  Germany 

Abstract.  Surface  acoustic  waves  strongly  interact  with  a two-dimensional  electron  plasma 
in  hybrid  semiconductor-piezoelectric  structures.  At  high  intensities  of  a surface  acoustic  wave, 
nonlinear  effects  play  the  main  role:  the  plasma  turns  into  moving  electron  stripes,  the  acousto- 
electric current  reaches  its  maximum,  and  the  absorption  of  the  sound  wave  is  strongly  suppressed. 
The  interaction  between  the  surface  acoustic  wave  and  the  photo-generated  carriers  results  in 
ionization  and  drag  of  excitons.  The  electron-hole  pairs  are  effectively  trapped  in  the  moving 
potential  of  the  sound  wave  and  then  re-assembled  into  photonic  signals.  The  photoluminescence 
intensity  in  the  presence  of  a sound  wave  strongly  depends  on  the  excitation  because  of  screening. 
Together  with  experimental  data,  we  present  a theoretical  description  of  nonlinear  phenomena  using 
hydrodynamic  approach. 


Introduction 

The  interaction  between  surface  acoustic  waves  (SAWs)  and  mobile  carriers  in  quantum 
wells  is  an  important  method  to  study  dynamic  properties  of  two-dimensional  (2D)  systems. 
The  SAW  can  trap  carriers  and  induce  acoustic  charge  transport  (ACT)  investigated  in  a 
number  of  systems  in  a view  of  possible  device  applications  [ ].  Also,  the  SAW-method  was 
applied  to  study  the  quantum  Hall  effects  [ , ],  electron  transport  through  a quantum-point 
contact  i ].  lateral  nanostructures  [ 1,  and  commensurability  effects  in  a 2D  system  [ ]. 
However,  all  those  experiments  have  been  done  in  the  regime  of  small  signals  and  linear 
interaction. 

Here  we  study  the  transition  from  the  linear  regime  of  acousto-electric  interaction  to 
the  limit  of  strongly  non-linear  effects  in  a 2D  electron  plasma  and  in  a system  with  photo- 
generated carriers  [7—9]. 

1 Acousto-electric  phenomena  in  semiconductor-piezoelectric  structures 

In  usual  GaAs-based  microstructures  it  is  very  difficult  to  realize  SAWs  with  high-amplitu- 
de potentials  because  electro-mechanical  coupling  in  GaAs  is  relatively  weak.  The  strong 
piezoelectric  interaction  is  achieved  in  hybrid  structures  1 , ] (Fig.  1),  where  the  SAW- 
induced  potential  amplitude  can  be  comparable  with  the  band-gap  of  a semiconductor.  The 
hybrid  structure  is  fabricated  by  the  epitaxial  lift-off  (ELO)  technique  | | and  includes  a 

semiconductor  layer  tightly  bound  to  a piezoelectric  host  crystal  (LiNbOs ) by  the  van  der 
Waals  forces.  The  semiconductor  layer  contains  a InGaAs-AlGaAs  quantum  well  (QW) 
with  a high-quality  2D  electron  gas  (2DEG).  to  which  Ohmic  contacts  are  formed.  The 
distance  between  the  QW  and  the  piezocrystal  is  just  32  nm,  whereas  the  distance  between 
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Injection  gate  Transport  gate  Detection  gate 


ELO  semiconductor  film 
with  a quantum  well 


Fig.  1.  The  cross  section  of  a hybrid  semiconductor-piezoelectric  structure. 

the  QW  and  the  top  transport  gate  is  cl  = 450  nm.  By  changing  the  transport-gate  voltage 
Vt  we  can  tune  the  electron  density  in  a QW.  In  this  structure,  travelling  SAWs  can  induce 
very  strong  piezoelectric  fields  in  the  semiconductor  layer  due  to  the  strong  piezoelectricity 
of  the  host  LiNbC>3-crystal.  The  SAW  is  induced  and  detected  by  the  metal  interdigital 
transducers,  IDT1  and  1DT2,  respectively,  at  room  temperatures  [ ]. 

1. 1 Acoustic  charge  transport 

Transport  properties  of  a 2DEG  in  the  presence  of  a SAW  can  be  examined  by  the  injection 
and  detection  top  gates  (Fig.  1 ).  The  transport  gate  is  kept  at  a negative  voltage,  V,  = —8  V, 
so  that  the  QW  is  depleted.  The  negative  bias  at  the  injection  gate  is  removed  for  a short 
moment  (0.3  ps)  and  electrons  are  injected  into  the  QW.  The  SAW  flushes  a certain  amount 
of  injected  electrons.  These  electrons  are  trapped  in  the  moving  potential  of  the  SAW  and 
transported  through  the  sample  to  the  detection  gate.  The  detection  gate  acts  as  a Schottky 
diode  charge  detector  and  the  electron  signal  is  read  out  by  an  oscilloscope.  The  signal 
on  the  detection  gate  as  a function  of  the  time  has  a form  of  a peak  with  a maximum  at 
t — tm.  The  detection  time  tm  strongly  depends  on  the  SAW  intensity,  indicating  a nonlinear 
interaction.  In  Fig.  2 we  show  the  dependence  of  the  ACT-signal  velocity,  v = L/tm,  from 
the  SAW-intensity  [ ].  Here  L is  the  spacing  between  the  injection  and  transport  gates. 
The  amplitude  of  the  SAW  potential  4>o  is  calculated  from  the  SAW  intensity  7saw.  With 
increasing  potential  <T>o  the  signal  velocity  first  increases  and  finally  saturates  at  the  sound 
velocity  vs.  This  indicates  that  the  intense  SAW  completely  traps  injected  electrons  into 
piezopotential  minimums. 


<MV> 


Fig.  2.  The  measured  velocity  of  acoustic  charge  transport  as  a function  of  the  SAW-potential 
amplitude  for  two  SAW  frequencies  [8],  Theoretical  data  are  also  shown. 

7.2  SAW  absorption 

The  SAW  can  be  strong  enough  to  break  up  an  initially  homogenous  2D  plasma  into  moving 
stripes.  Here  we  study  the  transmission  of  a SAW  through  a 2DEG.  The  density  of  a 2DEG 
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Fig.  3.  The  measured  attenuation  and  the  velocity  change  of  a SAW,  Aw,  as  a function  of  the  gate 
voltage  for  different  S AW-intensities.  The  lower  part  shows  the  calculated  attenuation  as  a function 
of  the  electron  density.  In  the  insert  we  plot  the  function  ras(x).  The  numbers  attached  to  the  plots 
correspond  to  Ns  in  units  of  1010  cm-2  [8]. 


Ns  is  varied  by  the  transport-gate  voltage.  It  is  known  that,  at  small  SAW-intensities,  the 
sound  attenuation  by  electrons  T as  a function  of  the  conductivity  a exhibits  a maximum  at 
a = erm  | 1,  where  erm  = eeffi>s/(2jr)  and  €eff  is  the  effective  dielectric  constant.  At  high 

SAW  amplitudes  the  attenuation  is  strongly  modified:  T is  suppressed  and  its  maximum  is 
shifted  to  higher  conductivity.  The  attenuation  for  different  SAW-intensities  is  plotted  in 
Fig.  3 as  a function  of  the  transport-gate  voltage,  which  determines  the  conductivity  and 
the  electron  density  in  a 2DEG  | ]. 

In  order  to  understand  these  phenomena  we  develop  a nonlinear  theory  for  acousto- 
electric effects  in  2D  ( ].  Most  of  previous  theoretical  studies  on  SAW  interactions  in  a 

2D  plasma  [ ] relate  to  the  linear  regime  of  interaction,  when  the  equilibrium  2D  density 

Ns  is  much  larger  than  the  perturbation  Sns(x,  t)  caused  by  a SAW.  Here  x and  t are  the 
in-plane  coordinate  and  the  time,  respectively.  However,  in  our  system,  the  SAW-potential 
amplitude  is  so  large  that  Ns  ~ Sns.  The  electron  dynamics  in  our  system  is  described  by 
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non-linear  hydrodynamic  equations.  In  the  long  wave-length  limit,  kd  1,  the  electron- 
density  distribution  can  be  found  from  the  equation  | ] 


ens(xi)fx 


Axed  dns(x\ ) 
es  dx  i 


+ E()  sin  (kx\) 


+ evsns(x  i) 


Aq, 


(1) 


where  Aq  is  a constant.  Here  k is  the  wave  vector  of  a SAW,  x\  — x — vst,  Eq  is 
the  amplitude  of  a SAW  electric  field,  and  //  and  es  are  the  electron  mobility  and  the 
semiconductor  dielectric  constant,  respectively.  The  solution  of  Eq.  (1)  should  be  periodic. 
Numerical  solutions  for  various  average  2D  densities  Ns{ne(x i ))  are  shown  in  the  inset  of 
Fig.  3.  Here  the  brackets  (. . .)  denote  the  average  over  the  wave  length.  It  can  be  seen 
that  the  electron  system  forms  separated  stripes  for  small  values  of  Ns.  <J>o  = Eo/k  is  the 
amplitude  of  the  SAW  potential.  It  follows  from  Eq.  (1)  that  in  the  regime  of  separated 
strips  the  average  local  velocity  of  the  electron  plasma,  v = (i>e(xi)),  is  at  its  maximum 
and  equal  to  the  sound  velocity  vs.  Similar  behavior  was  described  in  Ref.  | ] for  3D. 

In  Fig.  2,  we  also  plot  the  calculated  average  velocity  i>  as  a function  of  the  potential 
<t>(,  using  the  parameters  Ns  = 2.5  x 10U)  cm  2 and  /i  = 5000  cm2/Vs.  Our  relatively 
simple  model  reproduces  the  experimental  behavior  well.  The  saturation  of  v reflects  the 
formation  of  electron  stripes. 

The  absorption  of  a SAW  by  electrons  is  given  by  the  equation  Q = ( jE saw),  where 
j is  the  electron  current  and  £saw  is  the  SAW  electric  field.  The  non-linear  absorption 
coefficient,  T = Q/Isaw,  as  a function  of  Ns  was  calculated  using  the  solutions  of  Eq.  (1 ) 
(Fig.  3).  In  the  limit  of  high  4>o  the  absorption  coefficient  is  given  by  T = Q max/ 1 saw  oc 
1 //saw  and  decreases  with  increasing  SAW-intensity  /saw  [ , ].  Theory  and  experiment 

are  in  good  agreement:  in  intense  SAWs  the  calculated  absorption  coefficient  is  strongly 
suppressed  and  the  maximum  of  r(Ns)  is  shifted  to  higher  Ns.  In  the  limit  of  large  Ns, 
an  asymptotic  solution  of  Eq.  (1)  was  given  in  Ref.  [ ] without  noting  the  condition 

am  <^.  a . Also,  the  Weinreich  relation  [ ] can  be  very  useful  to  describe  the  non-linear 

regime  [3,  |. 

The  shift  of  the  SAW-velocity  due  to  the  electron  plasma  is  shown  in  the  upper  part  of 
Fig.  3.  With  increasing  7saw  the  curves  are  shifted  towards  larger  conductivity  a (Fig.  3) 
which  can  be  understood  in  terms  of  screening  effects. 


2 Interaction  of  acoustic  waves  with  photo-generated  carriers 

In  recent  experiments  on  semiconductor  QWs  Rocke  and  co-authors  1 | have  demonstrated 
that  a photonic  signal  can  be  transformed  into  electron-hole  pairs,  transported  over  a macro- 
scopic distance  across  a sample,  and  then  re -assembled  again  into  light.  A strong  potential 
superlattice  induced  by  a SAW  spatially  separates  electrons  and  holes  and  thus  the  life-time 
is  increased  by  a few  orders  of  magnitude.  In  contrast  to  ACT  of  unipolar  charges  ( ],  in 
this  case,  the  SAW  transports  two  types  of  carriers,  electrons  and  holes.  This  experiment 
develops  the  principles  for  realization  of  photonic  memory  devices  and  delay  lines. 

Another  type  of  experiments  deals  with  the  SAW  absorption  and  the  phase  shift  due 
to  the  interaction  with  photo-generated  carriers  in  semiconductor  QWs  | , ].  In  the 

pump-probe  experiments  | ],  a first  intense  SAW  ionizes  photo-generated  excitons  and  a 

second  low-intensity  SAW  is  absorbed  by  electron-hole  pairs.  Thus,  the  ionization  process 
due  to  the  piezoelectric  fields  can  be  directly  observed.  At  low  temperatures  in  relatively 
wide  QWs,  the  SAW  can  induce  exciton  localization  and  drag  due  to  the  quantum  confined 
Stark  effect  | , ]. 
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Fig.  4.  The  photoluminescence  intensity  of  a GaAs-based  QW  as  a function  of  the  SAW  power  for 
different  laser  intensities  [19]. 

At  high  temperatures  the  SAW  interacts  mostly  with  free  electrons  and  holes.  The 
amplitude  of  the  SAW-potential  in  the  presence  of  photo-generated  carriers  in  the  linear 
regime  is  given  by  <J>  = d>o/|l  + ict/om\,  where  a is  the  conductivity  of  an  electron-hole 
plasma.  am  is  relatively  low  and  corresponds  to  the  densities  1 09  — 1 0 1 11  cm~2.  In  optical 
experiments,  the  photo-generated  electron  density  can  be  larger  than  the  above  numbers  and 
thus  the  plasma  can  effectively  screen  the  SAW  potential.  The  importance  of  the  screening 
effects  in  the  photoluminescence  (PL)  spectra  of  QWs  is  seen  from  the  experimental  data 
shown  in  Fig.  4.  Here  we  see  that  the  PL  intensity  strongly  decreases  with  increasing  SAW 
power  due  to  spatial  separation  of  electrons  and  holes.  At  high  laser  intensities  suppression 
of  the  PL  due  to  the  SAW  is  not  so  effective:  the  PL  intensity  starts  to  decrease  at  higher 
/saw-  Thus,  at  high  laser  intensities,  the  photo-generated  plasma  can  effectively  screen 
the  SAW  potential  and  prevent  suppression  of  the  PL.  These  preliminary  data  on  acousto- 
optical  interactions  show  that  the  screening  effect  in  the  presence  of  a SAW  can  be  utilized 
to  realize  optical  nonlinearity. 
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